The conservation of snoRNP components in lineages bound to RNA reveals that this enzyme recognizes the separated by over three billion years of evolution sugpreformed three-dimensional structure of the T loop, gests that snoRNP-directed pseudouridylation is a very primarily through shape complementarity. It accesses ancient process (Watanabe and Gray, 2000). ., 1999b) . The importance of the assemtases that recognize one or a few cognate tRNAs, this ⌿ bly of the box H/ACA particle on telomerase RNA is synthase must recognize all tRNAs in the cell (excepting underscored by the finding that the snoRNA-like domain initiator tRNA but including mitochondrial tRNAs). In adof telomerase RNA is mutated in patients with autosodition, the pyrimidine base of the U55 residue of the mal-dominant DC (Vulliamy et al., 2001). precursor is buried within the folded structure of tRNAs We now report the atomic-resolution crystal structure and makes a long-range contact with a D loop nucleoof E. coli TruB bound to RNA. Other than nucleases tide. Therefore, TruB must be able to disrupt the tertiary and aminoacyl-synthetases, this is the first structure structure of its substrate RNAs before catalysis.
the T loop of tRNAs and gains access to its substrate
tended helix formed by this crystal-packing interaction mimics the structure of the stacked T and acceptor by flipping out the nucleobase of U55. We find that the binding of TruB to its substrate is similar to the inferred stems of an intact tRNA ( Figure 1C ). We therefore include nine neucleotides from the symmetry-mate in the subsemode of substrate recognition by the ⌿ synthases that assemble on box H/ACA guide RNAs to form snoRNPs quent discussion of TruB-RNA interaction, and we number the nucleotides in the stacked helices after the corre-(Cbf5/dyskerin). A structure of TruA without bound RNA has been determined previously (Foster et al., 2000) .
sponding residues in tRNA ( Figure 1B Table 1 ) and refined trometry, resembled that of the loop in intact tRNA. The at 1.85 Å resolution to a final R free factor of 21.2%. The similarity in the conformations of isolated TSL, TSL estimated precision of the atomic coordinates of the bound to TruB, and the T loop in intact, folded tRNA crystallographic model is 0.18 Å (Experimental Proceimplies that this RNA stem-loop is largely preorganized. dures).
The ability of the T loop to fold independently is consistent with the proposal that it appeared earlier in evolution than the rest of the structural elements of tRNA (Maizels Overview TruB adopts a mixed ␣/␤ fold with distinct N-and and Weiner, 1993). The three-dimensional structure of the T stem-loop is not dependent on posttranscriptional C-terminal domains ( Figure 1A ). The former (residues 10-249) has approximate dimensions 70 ϫ 35 ϫ 35 Å 3 modifications of the RNA, since tRNA Phe is fully modified, the TSL used for NMR has a methylation but not a pseuand harbors the active site as well as the majority of RNA contacts. The N-terminal domain folds into an extensive, douridylation, and the TSL bound to TruB is not methylated. curved ␤ sheet comprised of 11 predominantly antiparallel strands. One of the faces of the sheet is decorated That TruB binds a preorganized T loop that folds independently of the rest of the tRNA is also consistent with by 11 helices, 2 short strands, and multiple loops. These helices and loops form two clusters. The active site lies observations made in Xenopus oocytes by Nishikura and De Robertis (1981). They found that ⌿55 was presat the bottom of the cleft between them. The C-terminal domain (residues 250-314) is roughly spherical (diameent in very early, 104 nt long tRNA precursors that still carried the 5Ј leader, the intron, and a 3Ј extension. Also ter ‫03ف‬ Å ) and contains a four-stranded ␤ sheet and one ␣ helix. in vivo, Grosjean et al. (1996) showed that mutations that disrupt tRNA tertiary structure (involving contacts The TSL RNA folds into a stem-loop with one reverse Hoogsteen and seven Watson-Crick base pairs. Five between the T and D loops) did not affect pseudouridylation in the T loop. Mutations that disrupt the structure nucleotides are extruded into two loops of two and three nt each ( Figure 1B) . The stem of the TSL RNA is extended of the T loop, however, completely blocked TruB activity (Becker et al., 1997b; Gu et al., 1998). by coaxial stacking of a symmetry-related RNA molecule in the crystal ( Figure 1A) . At the stacking interface, the When tRNA Phe is docked onto the TSL-TruB cocrystal structure by superposition of the T stem-loops, the prooverhanging 5Ј G residue of one TSL RNA base pairs with the same residue of a symmetry-mate. The extein and the docked tRNA do not make significant steric shows that the carboxylate of Asp48 is detached from the nucleobase ( Figure 5B ). The base of nucleotide 55 in our TruB-TSL complex is connected to its ribose through a glycosidic bond to C5 ( Figure 5C ). This implies consequence of formation of a covalent enzyme-RNA complex (Gu et al., 1999) .
that TruB has carried out base disconnection, rotation, and reattachment on 5FU, just as it would have with Our TruB-TSL cocrystals contain the hydrolysis prod- hydrophobic environment of the active site ( Figure 5D ) and could be involved in acid-base chemistry. TruB flips The active site cavity of TruB is lined with a large number of hydrophobic residues, most of which are out two nucleotides in addition to U55 (Figure 2A) . Since the only strong interaction between the enzyme and U55 phylogenetically conserved. The active site is inaccessible to bulk solvent once RNA binds, thus sequestering is through Asp48, TruB binding to the two additional flipped-out nucleotides may keep the ribose of U55 from the substrate nucleobase of tRNA residue 55. Asp48 makes a solvent-inaccessible salt bridge with Arg181 flipping back prematurely before reattachment to the rotated nucleobase. Because the nucleobase present at ( Figures 3B and 3D) , which is conserved in Cbf5/dyskerin. The basic residue is not conserved in the yeast tRNA position 55 in our cocrystals is unnatural, detailed analysis of the protein-RNA interactions that stabilize ⌿ synthase Pus4 (Figure 4 ), but this enzyme has an arginine at position 180, which presumably makes the the enzyme-precursor and enzyme-product complexes will have to await further structure determinations. same interaction to avoid an energetically unfavorable buried negative charge. The salt bridge may also activate Asp48 as a nucleophile ( Figure 5A ) by deprotonatTruB and Dyskerin Recognize RNA in a Similar Manner ing the carboxylate.
We built a model of the precursor-TruB complex by The sequences of E. coli TruB and the box H/ACA snoRNP catalytic subunit from human, dyskerin, are docking a uridyl residue onto the TSL-TruB structure using the ribose of TSL residue 55. When the docked over 30% identical (Figure 4 ). This level of sequence identity implies a similar protein structure (Sander and uracil base is rotated along its glycosidic bond to minimize steric clashes with TruB, it is found to make a Schneider, 1991). Does the similarity between these ⌿ synthases extend to the manner of their substrate recogstacking interaction with the aromatic ring of Tyr76 (Figure 5D RNA world was first replaced by an RNA-protein world, Nurse et al., 1995) with the first nine residues of the wild-type sesyntheses. Two additional sites were located in difference Fourier syntheses. Heavy atom parameters were refined, and phases were quence (MSRPRRRGR) replaced by a His tag of sequence MGHHHHHHHHHHSSGHIEGRHM. Selenomethionyl protein was excalculated at 2.0 Å resolution using MAD data from crystal I ( Table  1) . "Solvent flattening" and phase extension to 1.85 Å resolution pressed in the auxotroph E. coli B834 (DE3) as described (Doublié , 1997) 
